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LIST OF DEFINITIONS 
(The primes .and double primes refer to emitting and absorbing states 
respectively). 
a 
B” 
= first Bohr radius 
e = rotational constant for the equilibrium position 
of the molecule 
Bv = rotational constant for a given vibrational state 
C = speed of light 
e = change of the electron in e. s. u. 
f = absorption oscillator strength and is defined by 
00 
the expression f = 
J 
0; dlv/rro 
0 
g = electronic degeneracy 
h = Planck’s constant 
I = intensity 
J = rotational quantum number 
k = Boltzmann constant 
N = concentration of molecules in molecules per cm 3 
N1 = upper vibrational state 
N2 = lower vibrational state (Nl and N2 are the notations 
used in the arrays of Condon factors) 
Q, = rotational partition function 
QV = vibrational partition function 
qvlvll = Condon factor for the transition from v’ to v 
II 
R = Rydberg constant for infinite mass 
*2 
R (7) 
l-l 
= electronic transition moment in atomic mass ea 
0 units. (Assumed to be independent of inter- 
nuclear separation, r, in this report). 
-v- 
P‘ 
r = classkal electron radius 
To = temperature in OKelvin 
Te = electronic temperature 
Tr = rotational temperature 
T = 
vv 
vibrational temperature 
= volume in cm 
3 
V = vibrational quantum number 
a = rotational decay constant as defined in expression (7) 
and shown diagmatically in Figure 1. 
- vibration rotation interaction constant “e - 
x = wavelength 
T = w avenumbe r 
7 = effective wavenumber for emission of a molecular e 
band system 
T T effective wavenumber for emission for transitions 
es v 
from one vibrational level, v’ 
G 00 
= wavenumber for the 0, 0 vibrational transition 
CT- 
V 
= absorption cross section per molecule 
'e 
= radiative lifetime for spontaneous emission from an 
electronic state 
4 = spectral distribution function as defined in expression 
(6)and Figure 1. 
*4 = contribution to the spectral distribution function at 
the band origin of a given vibrational transition as 
shown in Figure 1. 
$1 = the value of 4 as shown in Figure 1 and is the value 
of 4 just off the edge of a vibrational band head. It 
is the contribution of all transitions to 4 at the wave- 
length of the band head and not including the band head. 
42 = 41 + *4 
sl = solid angle in steradians 
we .= 
OeXe = I 
vibrational constants 
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ABSTRACT 
Calculated spectral distributions are given in computer output and 
graphical form for the following &atomic molecular band systems found 
in air: CN (Violet), (Red); N2 (lt), (2+), (b’II--LX), (b”IZ-X), (Lyman 
Birge Hopfield); N2+ (l-), (Meinel); NO (p), ( y). (Ogawa), and 02 (Schumann- 
Runge). The calculations are carried out for 3, 5, 8, and 11, OOOOK. A 
smeared rotational line model is used and also the assumption is made 
that the electronic transition moments are independent of internuclear 
separation. 
-vii- 
MOLECULAR BAND RADIATION 
For the purposes of making radiation calculations for diatomic 
molecular band systems, the’expression given by Keck et al’, and 
Patch2 for smeared rotational lines is found useful. This expression is 
for the radiation intensity emitted from an optically thin gas sample at 
thermodynamic equilibrium and is 
2 
dI n-r o*2hc2 - 
I I 
R(r) NJ’4 ;6 k+ 
hc Too 
dVdfid)j = 3R e a kT = co 0 r e 1 (1) 
3.19x 1o-34 
2 
N” 4 “v6 && exP - 
r C 
hclvoo 
k’T 1 W 3 e cm - p-ster 
The absorption oscillator strength for a band system is a function of wave- 
length and is related to the matrix element by the expression, 
f=(&-) )%I2 (2) 
2 
As used in formulas (1) and (2), the electronic transition moment, 
is related to the radiative life time, T 
e’ for spontaneous emission, 
from an electronic state by the following expression: 
8 7r2 r. c -i,’ g” 2 
1 - 
ry- - 3Rm g’ (3) 
where ‘i; e is given by the following expression: 
I- 1 
Z C N’ T3 q 1 ‘I 
3 _ v’ v” v’ 
vv 
iJ e - 
L N’ 
(4) 
V’ 
The electronic transition moment is also related to the radiative lifetime 
for spontaneous emission from a given vibrational level, re, v,, by 
Equation (3), except that ‘i;, is replaced by Te vl and 
, 
T’ 
-3 
e, v1 = c v qv’v” I’ 
V 
(5) 
Note should be made that the electronic transition moment has 
been defined differently by various authors, 384, 5,6 the differences occurring 
in the way that the electronic degeneracies appear in the expression (3) that 
relates the lifetime for spontaneous emission to the electronic transition 
moment. We have chosen the definition adopted by Keck et a13. 
4 is the spectral distribution function and gives the vibrational 
rotational structure of the band system. 
kT 
4= + 
1 
Q’; Q’; (Bv’ - Bv”) c 
9 v’vI, exp kT kT 1 (6) 
‘5’2 0 
-1 
where: Q’L = [ 1 - exp (- h c Wz/kTV)] is the vibrational partit ion func- 
tion for the absorbing state; 
Q’; = k T,/h c B;’ is the rotational partition function for 
absorbing state; 
the 
9 v’v” 
is the Condon factor for the transition from v1 to v”; 
T v = oe (vt l/2) - we xe (v t 1/2)2 t oe ye (v t 1/2)3 is the wave 
number of the vth vibrational level; 
7 ‘i; v’v” = 00 + (TV, - To,) - v,,, - vlo,,) is the wave number for the 
vibrational transition between states v’ and v”; 
I-2 
E 
V’ 
= hc (TV, - To,) is the vibrational energy relative to the ground 
vibrational state for the emitting state; 
E r1 - - BVr/(BV, - BJ hc (T - TV,,,,) is the rotational energy for the 
emitting state, with the approximation made that the rotational quantum 
numbe r , J, does not change in a given transition. 
In a transition, J can change by t 1, 0 or - 1 giving R, Q and P 
branches, respectively. However, for increasing rotational temperatures 
where high J values are more heavily weighted or where the spectrum is 
observed with coarse resolution, the effect of A J = t 1 is reduced and the - 
band structure can be assumed to consist of only A J = 0 transitions. The 
degree to which this approximation matches the detailed calculations for 
the rotational structure is discussed in reference 7. -6 Although 4 v lacks 
detail within an interval AT M Be2/A Be of the band heat, it gives a good 
description of the vibrational structure for wavelength resolutions greater 
than approximately 5 a and for temperatures above 2000°K. 
4 and related parameters were calculated for the various molecular 
band systems of air. The input to the program were the spectroscopic 
constants listed in Table I and the Franck Condon factors given in array 
form at the beginning of each section containing the computer output for a 
particular band system. ‘The computer output are in pages II- 1 through II- 122 
and are for all the band systems listed in Table I. Note should be made that 
-6 computer output contains zeros for several f$ v entrie s. The reason for 
this is that the program, because of memory limitations, was written such 
E r’ E that when kT was greater than 7, exp - & was assumed to be zero. 
r r 
The relationship between the tabulated parameters and molecular band 
spectra is shown in Fig. 1, and is self explanatory. The interaction of 
vibration with the rotational structure was taken into account and the effect 
is reflected in the a column of the computer output. a at a given temperature 
varies slightly from one vibrational transition to another and is given by the 
following expression: 
I-3 
-I 
where Bv is given by 
Bv = Be - ae (v t l/2) (8) 
Ad, the contribution at the band origin from a given vibrational 
transition is given by 
*d = Q v,, (Bv, - Bv,,) qv’v” exp 
B 
V” hc $1 - -io,) 
k TV 3 
(9) 
A$ is a function of the vibrational temperature while a is a 
function of the rotational temperature. Consequently, the computer output 
given in this publication can be easily used to calculate spectral distribu- 
tions for non-equilibrium temperature environments by combining the A 4’s 
at the vibrational temperature with the a’s determined by the rotational 
temperature. 
In most cases, there is little data giving internuclear separation 
dependence for the electronic transition moment, w , consequently none 
I I 
2 
0 
has been assumed for the purposes of calculating the spectral distributions. 
Also, for the molecules for which calculations were carried out, the 
assumption has been made that the probability for the transition between 
two vibrational levels is independent of the rotational state of the molecule. 
Attention should be given reference 8 regarding this effect. Using the above 
-6 
assumptions 4 v should give a fairly good description of the spectrum of 
diatomic molecular radiation and graphs of this parameter versus wave- 
length graphs are given in pages III-1 through X-52. It should be noted that 
4 varies exponentially with v, however for ease of plotting, it was assumed 
that 4 T6 behaves exponentially with X between successive vibrational 
transitions . 
The last column of the computer output of pages I- 1 through II- 122 
labelled 
J 
1.6 
4 v d X cm 
-5 
is a running integral. The final is the integral over- 
all wavelengths and is also given on the graphs of pages III- 1 through 111-52. 
I-4 
This column of running integrals is designed to be useful for calculating 
what fraction of the total radiation from a molecular band system contributes 
in a given band pass. If used in conjunction with calculations of spectrally 
integrated fluxes, such as Reference 9, then the abs.olute intensity in a 
given band pass can be readily estimated. 
The integral 
tl 
00 
4 X -6 can also be used to calculate 7 which is e 
needed in expression (3) to relate the radiative lifetime of the electronic 
state to the transition moment. The total radiation from a band system can 
be expressed 
dI N’ hc Te 
dVds2 = 47r 7 e 
and is an alternative expression to (1) integrated overall wavelengths. 
I 
&= 
Q: Q: g’ hc Too 
1 
Q; Qlv g” 
kT e 1 
(10) 
(11) 
If no internuclear separation dependence is assumed and the proper substitu- 
tions made between (l), (10) and (ll), the following expression for “Ve results: 
Q’; Q” hc 
co 
- ( 
l/4 
V 
V 
e = Q’r Q; k ‘I? s I#I A-hi r 0 (12) 
T e’s at four temperatures were calculated and are given in Table I. 
In Ref. 9 Too was the wavenumber which was used in expression (3) to 
relate the electronic transition moment to the radiative lifetime and this 
same procedure was adopted. It is seen, however, that in several .cases 
ve is quite different than Too notably for the (Birge Hopfield) (NO p) and 
O2 (S.R.) systems. 
iJ e should increase or shift to the blue for increasing temperature. 
However, if the array of Franck Condon factors is not complete, than Te 
I-5 
II 
will calculate to shift ‘to the red. This effect is seen in the Te values 
calculated for the N2 (Birge Hopfield #1 ) and NO (A) systems. The degree 
to which the Franck Condon factor array is complete can be seen by how 
nearly the sums over v’ and v” given with the arrays, approach unity. 
I-6 
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Fig. 1 Diagram showing the relationship between the information 
contained in the computer output and molecular band structure. 
The calculation uses a smeared rotational line model and also 
the approximation which assumes AJ = 0, for all vibrational 
rotational transitions. 
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Table I 
(we, WxB WY, aes Be and ‘? are in units of cm 
-1 
. References are in order 
of - spectroscopic constants: Franck Condon factors: Oscillator strength. ) 
CN (VIOLET) 
Desig. g we *exe Oeye a e Be 
Upper B2 C+ 2 2164.13 20.25 0.0 0.02215 1.9701 
Lower x2 z+ ’ 2 2068.705 13.144 0.0 0.01735 1.8996 
i7 = 25797.85 T x1o-3 OK i? 00 2 r, v e 
Recommended = .346 2 25905.1 
.027 
5 26333.6 
Values 
= 
10B8 
8 26634.8 
= 8.5 x set i-1 26675.4 
Refs. - 6:lO:ll 
CN (RED) 
W f? BP 
Upper A211 4 1814.43 12.883 0.0 0.01746 1.7165 
Lower x +.z+ 2 2068.71 13.144 0.0 0.01735 1.8996 
7 00 = 9114.59 
Recommended 
Values 
Refs. - 
2 
R 
I-1 
= .254 
e ao 
f 
00 
= 6.95 x 1O-3 
= 5.12 x 10 -6 set 
6:12:13 
T x 1O-3 OK ?Y 
rr v e 
I 2 I 8102.0 I 
5 I 8200.2 I 
8 I 7915.0 I 
I 11 I 7559.8 
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Table I (cont.) 
N2 (I+) 
Upper 
Lower 
Desig. g 
B 31-1 tj 17::.11 
WeXe weYe a e Be 
14.47 0.0 0.0184 1.6380 
A 3X+ ‘3 1460.37 13.891 - 0.025 0.013 1.440 
7 00 
= 9557.0 
Recommended 
Values 
Refs. - 
R 
I-I 2 
= .l (l.O’in air) 
e a0 
f = .003 00 
-5 7 = 1.1 x 10 set 
6:14:15 
T x 1O-3 OK 
r, v 
se 
I 11 1 12866.9 
N2 (2+) 
Ume r 
Lowe I 
Desig. 
C31-I 
B 311 
g we wx 
a 
e e OeYe e Be 
6 2035.1 17.08 -2.15 0.0197 1.8259 
6 1734.11 14.47 0.0 0.0184 1.6380 
7 = 29670.6 00 
2 
Recommended 
Value s 
= .7 
= .06 
= 2.7 x 10 
-8 set 
T x 1O-3 OK 
=, v 
Fe 
2 29227.0 
5 29292.6 
8 1 28689.6 1 
11 27990.8 I 
Refs. - 6:14:3 
N2 (BIRGE-HOPFIELD #1) 
Upper 
Lower 
Desig. 
b2II 
XlZ:t 
g we wexe OeYe 
a e Be 
3 698.0 3.5 0.0 0.0 1.41 
1 2357.78 14.08 -0.02 0.01802 1.999 
- = 99097.2 V 00 
T x 1O-3 OK 
=, v 
Te 
Refs. - 16:17 
I-11 
Table I (cont. ) 
N, (BIRGE-HOPFIELD #2) 
Uppe = b lz+ 1 751.64 4.82 0.0 0.0048 1.154 
Lower x1 t;+ 1 2357.78 14.08 -0.02 0.01802 1.999 
7 - 103672.1 00 - 
Recommended 
I 
Value s 
R 
r 
-= 4.4 
e ao 
f = .43 00 
7 = .71x1o-9 set 
T x 1O-3 OK 
rr v 
Te 
2 68140.2 
5 72437.6 
71637.3 I 
I 11 I 69543.6 1 
Refs. - 18:19:20:25 
N2 (LYMAN BIRGE-HOPFIELD) 
Upper 
Lower 
Desig. 
a 1lI 
x lx+ 
g we wexe we ye a e Be 
2 1693.90 13.97 0.0 ~~~7~- 1.617 
1 2357.78 14.08 -0.02 0.01802 1.999 
7 00 = 68948.3 
Recommended 
Values 
Refs. - 
7 = 1.7x1o-4 set 
18:17:21 
T x 1O-3 OK 
rr v 
Te 
I 11 1 60174.1 1 
N2+ (1-I 
Upper 
Lower 
Desig. 
B2Z+ 
X2Z+ 
g we WeXe we ye a e Be 
2 2419.84 23.19 -0.5375 0.0195 2.083 
2 2207.19 16.136 -0.0400 0.020 1.932 
7 = 25566.0 
00 T x 
r, v 
10-30K 7 e 
Recommended 
2 25284.9 
Values 5 25808.7 
= .67 x 10B7 set 8 .26443.2 
11 Refs. - 6:14:3 26998.2 
I-12 
Table I (cont.) 
%+ (MEINEL) 
Upper 
Lower 
Desig. g Cd WeXe WeYe a e e Be 
A21-I ‘-4 1902.84 14.91 0.0 0.0 1.74 
x22:+ 2. 2207.19 16.14 -0.04 0.02 1.932 _ 
7 = 9002.0 00 
Recommended ea = 
Values 
Refs. - 
T x 1O-3 OK 
rr v 
Te 
Desig. g we wexe we ye a e Be 
UPPe = 7.603 0.0967 0.01525 1.127 
Lower 4 1904.0 13.97 -0.0012 0.0178 1.7046 
5 = 45440.0 00 T x 1O-3 OK 
=, v 
Te 
Recommended 2 29074.8 
Values 5 29215.2 
.67 lo -6 8 27755.3 = x set 
11 26215.8 
Refs. - 6:22:3 
NO Y 
Upper 
Lower -0.0012 0.0178 1.7046 
- 44138.0 V = 
00 T x 1O-3 OK 
I, v 
‘;k 
Recommended 
2 42250.3 
Values 5 42128.7 
set 8 41633.3 
Refs. - 6:22:3 11 40911.5 
I-13 
--=- . - -_._ --_-_ ,, 
Table I (cont. ) 
NO (OGAWA) 
Oexe Oe ye a e Be 
Upper b 4Z- 4 1168.0 13.3 0.0 0.0208 1.422 
Lower a411 8 1019.0 12.8 0.0 0.0198. 1.220 
7 00 = 11514.0 T r vxlo 
-3 OK 
v 
, e 
Refs. - 23:24 
0, (SCHUMANN RUNGE) 
Desig. Et 
2 11131.2 
5 11417.2 
8 11253.0 
11 11051.4 
WX 
e e we ye 
a 
e Be 
Upper B 3z- 3 700.36 8.002 -0.3753 0.011 0.819 
Lower x 3z- ,3 1580.36 12.073 0.0546 0.01579 1.4456 
- = 49363.1 V 
00 
Recommended 
Values 
Refs. - 
I-I ea 0 2 R = 0.5 
f = .075 
00 
7 = .82 x lO-8 set 
6:17:3 
T r vx10 
-3 OK 
3 
N 
V 
e 
I- 14 
I 
- 
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